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Abstract
The microstructure evolution of the melt-spun Mg–7Y–4Gd–5Zn–0.4Zr alloy during annealing treatment has been investigated by using X-ray
diffraction (XRD), optical microscope (OM), differential scanning calorimetry (DSC) and transmission electron microscope (TEM). The results
indicated that two kinds of primary grains were contained in the melt-spun alloy. One was the supersaturated magnesium matrix, and the other was
the 18R-LPSO phase. The 18R-LPSO phase transformed into the 14H-LPSO phase during annealing treatment at 300 °C for 0.5 h. The new precipitate
of the 14H-LPSO phase was found at 300 °C for 5 h. Lots of linear precipitates formed as well as some precipitate with quadrangular morphology
in matrix at 500 °C for 0.5 h. The melt-spun alloy displayed the highest hardness of 103 NHV after annealing treatment at 300 °C for 5 h.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Magnesium alloys have received great attention because of
the environmental problems confronting with the human being
society. It is well known that magnesium alloys have lots of
advantages, such as light weight, high specific strength and
recycle. However, the magnesium alloys have not been used
widely in automotive and aerospace industries due to low
mechanical properties, inferior corrosion resistance and poor
heat resistance. Alloying with other elements is one of the most
important ways to enhance the mechanical properties of mag-
nesium alloys, e.g. adding the rare earth (RE) elements into the
magnesium alloys [1–4].
The additions of RE elements usually lead to the formation
of lots of thermal stable precipitates, such as Mg–RE binary
phases and Mg–Zn–RE ternary phases [5–7]. Recently, another
most important ternary phase named long-period stacking order
(LPSO) phase has attracted more attention [8–12]. Kawamura
et al. [13] developed the highest-strength magnesium alloy
which contained fine grains of matrix and 18R-LPSO phase by
using a rapid solidification powder metallurgy method. The
yield tensile strength (YTS) of the alloy was more than
600 MPa with an elongation of 5%. The LPSO phase is thought
to be a promising candidate for strengthening the magnesium
alloys obviously.
Previously, we have produced the Mg–7Y–4Gd–5Zn–0.4Zr
alloy by normal cast method [14]. It was found that the main
secondary phase in the as-cast Mg–7Y–4Gd–5Zn–0.4Zr alloy
was the 18R-LPSO structure. However, as reported, increasing
the cooling rate can reduce the energy barrier for forming the
Z-phase [13,15]. Therefore, it is necessary to produce the
Mg–7Y–4Gd–5Zn–0.4Zr alloy via melt-spin method in order to
investigate the LPSO structure evolution. Additionally, the
LPSO-phase is sensitive to the temperature, by which it will
result in a transformation of the microstructure of the LPSO
structure. Hence, it is important to investigate the effects of the
heat treatment conditions on the microstructure evolution of the
melt-spun alloy systematically.
2. Experiment procedures
The alloy with a composition of Mg–7Y–4Gd–5Zn–0.4Zr
(wt.%) was produced from high-purity Mg (99.5%), high-
purity Zn (99.9%), Mg–20Y (wt.%), Mg–25Gd (wt.%) and
Mg–35Zr (wt.%) master alloys. A small block for preparing the
ribbons was cut off from the Mg–7Y–4Gd–5Zn–0.4Zr alloy.
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The ribbons were produced by a single roller melt-spinning
technique under an argon atmosphere. The wheel velocity was
about 34 m/s. The ribbons were annealed in a vacuum heat-
treatment furnace at 300 °C and 500 °C for 0.5 h, 5 h and 10 h,
respectively, and then cooled down to the room temperature in
atmosphere environment.
Phase analysis was carried out by an X-ray diffractometer
(XRD) and differential scanning calorimetry (DSC). The
microstructure was investigated by using an optical microscope
(OM), scanning electron microscope (SEM) equipped with an
energy dispersive spectroscope (EDS) and transmission elec-
tron microscope (TEM) with selected area electron diffraction
(SAED) pattern and EDS. Specimens for TEM observation
were prepared by argon ion milling technique.
3. Results
3.1. Microstructure of the melt-spun alloy
Fig. 1 shows the XRD pattern of the melt-spun Mg–7Y–
4Gd–5Zn–0.4Zr alloy. It is indicated that the alloy is mainly
composed of the α-Mg solid solution, LPSO phase and Mg24(Y,
Gd)5 phase.
Fig. 2 shows the OM and SEM images of the ribbons. It can
be found that the melt-spun alloy is constituted of two kinds of
structures. One is a kind of white grains, the other is a type of
black structure, as shown in Fig. 2a and b. In order to investigate
the composition of the two kinds of structures, SEM observa-
tion and EDS analysis have been conducted. Conversely, the
bright contrast in the SEM images is corresponding to the dark
contrast in OM images. The EDS results suggest that the com-
position of the bright contrast area (marked with “A” in Fig. 2d)
is approximately Mg–3.66Y–0.37Gd–1.06Zn–4.16Zr (at.%).
However, the composition of the dark contrast area (marked
with “B” in Fig. 2d) is about Mg–3.10Y–0.48Gd–1.98Zn
(at.%).
Fig. 3 shows TEM images of the melt-spun alloy. It is indi-
cated that two kinds of grains can be observed. On the whole,
the shapes of the grains are irregular. The size of the grain is
small, and the size of the black grains is about 1–3 µm. The
SAED pattern of the white grain suggests that it is a simple
magnesium grain with an hcp structure, in which lots of tiny
compounds are located, as shown in Fig. 3a. However, the
SAED pattern of the black grain indicates that it mainly con-
tains the LPSO structure. Fig. 3b shows the inner of the black
grain observed by TEM at a higher magnification. Lots of
LPSO phases with a lamellar morphology are found together
with lot of tiny particles with an irregular shape.
Fig. 4 shows TEM images of the LPSO phase obtained from
the melt-spun alloy and its corresponding SAED pattern. The
LPSO phase is composed of lots of linear structures which are
aligned parallel to one another. The SAED pattern suggests that
the LPSO phase is the 18R-LPSO phase, as shown in Fig. 4a.
Fig. 4b shows the high-resolution electron microscope (HREM)
image near the LPSO phase. Three feature areas can be divided
depending on the significant contrasts, i.e. called “A”, “B” and
“C” shown in Fig. 4b. The “A” area stands for the 18R-LPSO
phase; we can find that the atomic layers array well in a periodic
ordering. In addition, 2H-Mg can be observed, which is called
“B” area, as seen in the Fig. 4b. However, disorder area known
as “C” is found. In the “C” area, we neither find the periodic
ordering atomic layer nor find the legible contrast of the atoms.
We cannot confirm the structure of the area “C”.
3.2. Microstructure of the melt-spun alloy after
DSC treatment
Fig. 5 shows the DSC result of the Mg–7Y–4Gd–5Zn–0.4Zr
melt-spun alloy. Two endothermic peaks are observed at about
460 °C and 626 °C, respectively. As stated above, the melt-spun
alloy is mainly constituted by the LPSO phase and α-Mg
matrix. Conceivably, the peak at 460 °C is corresponding to the
transformation of the 18R-LPSO phase, and the other peak at
626 °C is relevant to the transformation of the α-Mg matrix.
However, the freezing curve suggests a significant semaphore
that is different from that of the melting curve indicated. Simi-
larly, two kinds of exothermic peaks are found. One of the
peaks appears at about 530 °C, while the other emerges at about
626 °C, which is corresponding to the transformation of the
α-Mg matrix.
Fig. 6 shows the images of the melt-spun Mg–7Y–4Gd–
5Zn–0.4Zr alloy after DSC treatment. It obviously finds that a
lot of linear phase are precipitated on the matrix, as seen in
Fig. 6a. The phase aligns parallel to each other and grows
toward to the grain boundaries. The TEM observation confirms
the existence of the LPSO phase, and the corresponding SAED
pattern just demonstrates that the linear phase belongs to the
14H-LPSO phase, as shown in Fig. 6b.
3.3. Microstructure evolution of the melt-spun alloy during
annealing treatment
Fig. 7 shows the TEM images of the melt-spun alloy after
annealed treatment at 300 °C and 500 °C, respectively. It indi-
cates that the 18R-LPSO phase transforms into the 14H-LPSO
phase, and a new precipitate of the 14H-LPSO phase is not
observed at a lower annealing temperature of 300 °C for 0.5 h,Fig. 1. The XRD pattern of the melt-spun alloy.
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as shown in Fig. 7a. Meanwhile, as the preserved time
increases, the precipitate of the 14H-LPSO phase appears, as
shown in Fig. 7b. Furthermore, the new precipitate of the 14H-
LPSO phase also comes into being at a higher annealing
temperature of 500 °C for 0.5 h, as shown in Fig. 7c and d. Lots
of linear precipitates with a size range 0.5~3 µm in length can
be found. Moreover, some particles with quadrangular mor-
phology can be found at the matrix.
Fig. 2. The micrographs of the melt-spun alloy: (a) and (b) OM images, (c) SEM image of the alloy at lower magnification and (d) SEM image of the alloy containing
the EDS analysis of the points “A” and “B”.
Fig. 3. TEM images of the melt-spun: (a) the “white grain” and “black grain” and its corresponding SAED patterns, and (b) the TEM image of the alloy at higher
magnification.
Fig. 4. TEM images of the melt-spun: (a) The LPSO phase and its corresponding SAED pattern, and (b) feature areas near the LPSO phase.
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In order to investigate the effect of the annealing treatment
on the hardness of the melt-spun alloy, the alloy was annealed at
300 °C and 500 °C for 0.5 h, 5 h and 10 h, respectively. The
value of hardness of the melt-spun alloy is about 79.2(±3) HV.
It is every interesting to note that the hardness of the alloy
treated at 300 °C for 0.5 h, 5 h and 10 h is enhanced obviously,
respectively, and the values of hardness of the annealed alloys
are 80(±5) NHV, 103(±2) NHV and 96(±3) NHV, respectively.
The values of the hardness of the melt-spun alloy after anneal-
ing processing at 500 °C for 0.5 h, 5 h and 10 h are about
100(±3) NHV, 94(±4) NHV and 95(±6) NHV, respectively.
4. Discussion
The 18R-LPSO phase is accustomed to precipitate during
solidification process because of the trend to reduction of the
shear strain energy related with individual building blocks and
the 18R-LPSO phase. It is well known that the atom radiuses of
the Mg, Y and Zn are 0.172 nm, 0.227 nm and 1.53 nm, respec-
tively. The pairs of the Y and Zn satisfy the formation factors of
the LPSO phase brought forward by Amiya et al. [16]. On the
basis of the viewpoint of Amiya, it is thought that the melts
alloy system has high energy, and it would like to solidify as the
temperature comes down. Meanwhile, the α-Mg dendrite
matrix first forms during solidification process, companying
with the exclusion of the solutes including RE and Zn. As the
temperature further decreases, lots of the solutes will be left in
the liquid phase. The solutes will continue vibrating in order to
get the suitable position, in which the strains induced by the
reinforced solid solution solute (Zn and RE) will be depressed
to retain the stable of the alloy system. At the same time,
decided by the fast solidification rate, the great supersaturated
solid solution being full of Zn and RE elements will be inclined
to form the LPSO phase which has an advantage to absorb the
abundant solutes, i.e. more layers and relatively stable.
However, the primary 18R-LPSO phase is not stable at high
temperature, which is generally substituted by the 14H-LPSO
phase after annealing at the temperature range 350 °C–500 °C
[17]. In the present investigation, it suggests that the 18R-LPSO
phase can transform into the 14H-LPSO phase at 300 °C for
0.5 h without the new precipitate of the 14H-LPSO phase.
However, the precipitate of the 14H-LPSO phase is being
present until 5h at 300 °C, which results in the improvement of
the hardness due to the distortion of the lattice of the matrix. It
has been reported that the precipitate of LPSO phase leads to an
increment of the critical resolved shear stress (CRSS) of the
basal slip and activation of the non-basal slip [18–20]. Addi-
tionally, it has been reported that the LPSO phase prevented the
growth of {10 12} deformation twins [21]. Thus, Yamasaki
et al. [17] developed a warm-extruded Mg96.5Gd2.5Zn1 (at.%)
alloy with the highest tensile proof strength of 345 MPa and
excellent elongation of 6.3%, depending upon the presence of
the 14H-LPSO precipitate at the basal plane.
The precipitate of the 14H-LPSO phase is usually activated
during the annealing treatment at high temperature. It is con-
sidered that more holding at high temperature is beneficial to
formation of the stable LPSO phase. However, the value of the
hardness was not improved obviously at 500 °C for 0.5 h, 5 h
and 10 h, respectively, comparing with that of the alloy treated
at 300 °C for 5 h though lots of precipitates of the 14H-LPSO
phase formed. It is indicated that the microstructure got coarse
resulting in the unobvious improvement of the hardness. Thus,
Fig. 5. The DSC result of the melt-spun alloy.
Fig. 6. The TEM images of the melt-spun alloy after DSC treatment: (a) TEM images of the LPSO phase, and (b) the precipitation of the LPSO phase and its
corresponding SAED pattern.
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it is most important to choose a proper temperature and pre-
served time in order to obtain excellent mechanical properties
of the alloy containing LPSO phase [22].
5. Conclusion
In the present paper, the investigation on the microstructure
evolution of the melt-spun Mg–7Y–4Gd–5Zn–0.4Zr alloy during
heat treatment process resulted in the following conclusions:
1 The melt-spun alloy was composed of two kinds of grains.
One was the normal grain of magnesium matrix, the other
was the grain containing the 18R-LPSO phase.
2 The 18R-LPSO phase could transform into the 14H-LPSO
phase at 300 °C for 0.5 h without formation of the new
precipitates of the 14H-LPSO phase. The precipitate of the
14H-LPSO phase precipitated at the matrix until 5 h at
300 °C as well as at 500 °C for more than 0.5 h.
3 The new precipitate of the 14H-LPSO phase resulted in the
great improvement of the hardness, especially at 300 °C for
5 h, and the value of the highest hardness was ~103 NHV.
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